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© Schnurloses Tetefon. 

© 2.1 Bei schnurlosen Telefonen ist es liblich, die 
in der Motivation enthattene Sendersuchlaufvorrich- 
tung zwecks Stromersparnis nur wfihrend bestimnv 
ter, durch teste Pausen unterbrochener Sendersucb- 
laufzeiten durchzufUhren. 

2.2 Um den damit verbundenen Nachteil der 
starren Reaktionszeit auf einen in der Feststation 
ankommenden Ruf zu vermeiden, wird bei einer 
ersten AusfOhrung der erfindungsgem&Sen Mobilsta- 
tion (MS) erne Einstellvorrichtung (EV) zum manuel- 
ien Einstellen der Pausendauer (T P ) vorgesehen. Bei 
einer zweiten AusfOhrung einer Mobilstation (MS 1 ) 
wird die Pausendauer (T P ) in der Mobilstation (MS') 
in AbhSngigkeit von dem Ladezustand des in der 
Mobilstation enthaltenen Akkumulators (AK) verSn- 
dert, und zwar in der Weise, daB die Pausendauer 
(T P ) mit abnehmendem Ladung des Akkumulators 
gr&Ber und mit zunehmender Ladung kleiner wird. 
Zur Ermittlung des jeweiligen Ladezustands dient 
eine Detektor- und Steuervorrichtung (DS), die ent- 
weder einen Spannungsdetektor (SPD) Oder einen 
Stromdetektor (STD) aufweist 

3. Die Zeichnung zeigt ein vereinfachtes Block- 
schaltbild einer Mobilstation. 



Fig.2 
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Die Erfindung geht von einem schnuriosen Te- 
lefon nach dem Oberbegrffi des Anspruchs 1 und 
des Nebenanspruchs 2 aus. 

Es ist ein schnurloses Telefon bekannt, bei 
dem der Sendersuchlauf bei von der Feststation 
abgenommener Mobilstation nicht fortlaufend, son- 
dern aus GrOnden der Stromersparnis nur wMhrend 
bestimmter, durch gleichlange Pausen T p (vgl. Fig. 
1) unterbrochener Sendersuchlaufzeiter, T s durch- 
gefUhrt wird- Damit ist der NachteU einer starren 
Reaktionszeit der Mobilstation verbunden,, die dazu 
fUhrt, daB die Mobilstation auf einen bei der Fest- 
station ankommenden Ruf im ungLinstigon Fall erst 
nach zum Beispiel fUnf Sekunden ein Rufzeichen 
abgibt. Die durch die Pausen T p gegebene Strom- 
ersparnis ist dabei auf einen bestimmten Wert fest- 
gelegt. 

Der Erfindung liegt die Aufgabe zugrunde, ein 
schnurloses Telefon nach dem Oberbegriff der An- 
spruche 1 Oder 2 derart weiterzubilden, daB eine 
den jeweiligen Betriebsverhaltnissen angemessene 
Reaktionszeit der Mobilstation erreicht wird. 

Diese Aufgabe wird durch die Merkmale ge- 
maB dem Anspruch 1 gelost womit der Vorteil 
verbunden ist, daB der Benutzer zu Zeiten, in de- 
nen er fUr ihn wichtige Anrufe erwartet, die Mobil- 
station auf eine kufze Reaktionszeit bei kurzer Pau- 
sendauer und grOBerem Stromverbrauch einstelrL 
In der restlichen Zeit kann er jedoch die Pausen- 
dauer auf Wunsch bis auf einen vorgegebenen 
Maximalwert verlangem und damit eine grSfiere 
Stromersparnis erzielen. 

AUernativ wird die der Erfindung zugrundelie- 
gende Aufgabe durch die Merkmale gemSB dem 
Anspruch 2 gelost. Damit ist der Vorteil verbunden, 
daB bei auf einen bestimmten Maximalwert aufgeia- 
denem Akkumulator die Pausendauer zwischen 
den SendersuchlSufen sich automatisch auf einen 
kleineren. einer kurzen Reaktionszeit entsprechen- 
den Wert einstelh als bei nicht mehr voil aufgeta- 
denem Akkumulator. 

Vorteilhafte Weiterbildungen der Erfindung er- 
geben sich aus den Unteransprtichen. 

Zwei AusfUhrungsbeispiele der Erfindung sind 
in der Zeichnung an Hand mehrerer Rguren darge- 
stelft und werden im folgenden naher erlautert. Es 
zeigen 

Fig. i den zeittichen Verlauf der durch 
gleichlange Pausen unterbrochenen 
SendersuchlSufe in einer bekannten 
Mobilstation, 

Fig. 2 ein stark vereinfachtes Blockschaltblld 
einer erfindungsgemSBen Mobilstation 
mit manuell einstellbarer Pausendau- 
er, 

Fig. 0 ein stark vereiniachtes Blockschartbild 
einer ertindungsgemaBen Mobilstation 
mit sich automatisch einstellender 



Pausendauer, 
Fig. 4 die Abhangigkeit von Akkumulator- 
spannung und Pausendauer flir eine 
Mobilstation gemeB Rg. 3, 
5 Fig. 5 den zeftiichen Verlauf von Sender- 
suchlSufen bei veranderbarer Pausen- 
dauer und 

Fig. 6 die Abhangigkeit des Ladestroms 
oder Erhatamgsstroms fur den Akku- 
io mulator von der Pausendauer. 

Eine Mobilstation MS enth&K nach Rg. 2 eine 
Schaflungsanordnung SC, zu der unter anderem 
eine Sendersuchlaufvomchtung SU. eine Mikropro- 
zessorschaltung MP, eine Tastatur TA und eine 
ts Bnstellvorrichtung EV zum kontinuierlichen oder 
stufenweisen Einstellen der Pausendauer T P (vgl. 
Fig. 1) gehoren. Fur die Stromversorgung der 
Schaftungsanordnung SC ist in der Mobilstation ein 
Akkumulator AK vorgesehen. Durch ein Verringem 
20 der Pausendauer mit der Einstellvorrichtung EV 
wird bei unverSnderter Sendersuchlaufzert T s die 
Reaktionszeit und die Betriebsdauer der Mobilsta- 
tion MS verkurzt. Umgekehrt hat eine VerlSngerung 
der Pausendauer bei unveranderter, weil system- 
25 bedingter Sendersuchlaufzeit T s eine Veiiangerung 
der Reaktionszeit und damit auch der Betriebsdau- 
er der Mobilstation MS zur Folge. Die Pausendauer 
Tp kann von dem Wert Null, der einem dauemden 
Sendersuchlauf entspricht, bis zu einem Maximal- 
30 wert eingestellt werden, der einer maximal zulassi- 
gen Reaktionszeit der Mobilstation MS entspricht 

Die Realisierung der Einstellvorrichtung EV ge- 
schieht durch dem Fachmann bekannte MaBnah- 
men, zum Beispiel durch BnsteUmittel, die auf die 
35 Mikroprozessorschattung MP der Mobilstation MS 
einwirken. Ein bevorzugtes Bnstellmrttel bildet die 
Tastatur TA der Mobilstation MS. Nach dem Bnta- 
sten seines PIN-Kodes kann der Benutzer anschlie- 
Bend die gewOnschte Pausendauer durch Eingabe 
40 einer entsprechenden Zrffer bzw. einer entspre- 
chenden Ziffemfolge wahlen. 

tn einer attemativen AusfOhrung enth&lt eine 
Mobilstation MS f nach Rg. 3 eine Schaltungsanord- 
nungs SC wie die Einstellvorrichtung SC in Rg. 2, 
45 jedoch ohne Einstefrvorrichtung EV. Ein Akkumula- 
tor AK ist mit einer Detektor- und Steuervonichtung 
DS mit einem Spannungsdetektor SPD verbunden. 
Diese Vorrichtung DS miBt in dem Fachmann be- 
kanrrter Weise die jeweils vorhandene Akkumulator- 
50 spannung U. Entsprechend dem in digrtater Form 
vorliegenden Oder durch AnaJog-Digrtal-Wandlung 
erhaltenen MeBergebnis U s steuert die Vorrichtung 
DS die zu der SchaJtungsanordnung SC gehOrende 
Mikroprozessorschattung MP in der Weise. daB 
65 ausgehend von einer bestimmten maximal en Akku- 
mutatorspannung IW (vgl. Rg. 4). bei der die 
Pausendauer Tp einen MinimaJwert Tpntn annimmt, 
die Pausendauer T P stufenweise oder kontinuierfich 
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zunimmt, bis sich bei einer minimalen Akkumula* 
torspannung U miD eine bestimmte maximale Path 
sendauer T Pinax elnstallt; vgl. auch Fjg. 5. Bel der 
maximalen Pausendauer Tpmax findet somit der den 
Akkumulator AK beiastende Sendersuchlauf nur in 5 
groBeren, die Batten© weniger belastenden Zeitab- 
stSnden statt. Die kGrzeste Pausendauer T Pmm kann 
im Grenzfall gleich Null gewahlt sein. 

Nach einer weiteren AusfOhrung der Erfindung 
wird die Pausendauer T P in Abhangigkeit von der w 
jeweiligen Starke des Lade- oder Erhaltungsstroms 
fUr den Akkumulator AK der Mobilstation MS* ver- 
Sndert; vgl. Fig, 6. Diese Art der Steuerung der 
Pausendauer T P kommt vorzugsweise zur Anwen- 
dung, wenn der in der Mobilstation MS' (Fig. 3) 76 
enthaltene Akkumulator AK Uber ein Steckemetzteil 
oder ein Netztei) einer separaten Ablage fUr die 
Mobilstation MS' aufgeladen oder nachgeladen 
wird. In diesem Fall weist die Detektor- und Steuer- 
vorrichtung DS der Mobilstation MS* einen Strom- 20 
detektor STD auf, der den jeweiligen Ladestrom 
oder Ladeerhaltungsstrom mi8t und eine dem MeB- 
ergebnis entsprechende digitate Steuerspannung 
Us an die Mikroprozessorschattung MP weiterleitet, 
die die Pausendauer T P entsprechend Sndert. 25 

Der dem Akkumulator AK zugefiihrte Lade- 
strom W (Fig. 6) hat vorzugsweise elnen Wert, der 
der Summe von mittlerem Betriebsstrom und dem 
vorgeschriebenen Ladestrom fUr den Akkumulator 
entspricht. Wild dem Akkumulator AK der Mobilsta- 30 
tion MS' ein Erhaltungsstrom 2ugefUhrt, der zum 
Beispiel einem Zehntef des maximalen Ladestroms 
l v entspricht, dann sollte der Erhaltungsstrom min- 
destens der Summe von normalem Erhaltungs- 
strom und von dem Versorgungsstrom fOr die Sen- 36 
dersuchlaufvorrichtung SU entsprechen. 

Die Schaltungsanordnung SC einschlieBlich der 
Sendersuchlaufvorrichtung SU und der Mikropro- 
zessorschaltung MP konnen vorzugsweise zusam- 
men mit der Detektor- und Steuervorrichtung DS aq 
als integrierter Baustein ausgebildet werden. 

PatentansprUche 

1. Schnurloses Telefon aus einer Feststation und 45 
mindestens einer Mobilstation, wobei die Fest- 
station und die Mobilstation je eine Sender- 
suchlaufvorrichtung enthalten, die Mobilstation 
aus ihrem Akkumulator gespeist wird und die 
Sendersuchlaufvorrichtung der Mobilstation bei 50 
nicht auf der Feststation abgelegter Mobilsta- 
tion den Sendersuchlauf nur in durch Pausen 
getrennten Sendersuchlaufzeiten durchfuhrt, 
dadurch gekennzeichnet, da/5 die Mobilsta- 
tion (MS) eine Einstellvorrichtung (EV) enMit, 55 
mit der die Pausendauer (T P ) manuell zwi- 
schen einem Maximalwert (T Pma x) und einem 
Minimalwert (T Pmin ) veranderbar ist. 



2. Schnurloses Telefon aus einer Feststation und 
mindestens einer Mobilstation, wobei die Fest- 
station und die Mobilstation je eine Sender- 
suchlaufvorrichtung enthalten, die Mobilstation 
aus ihrem Akkumulator gespeist wird und die 
Sendersuchlaufvorrichtung der Mobilstation bei 
nicht auf der Feststation abgelegter Mobilsta- 
tion den Sendersuchlauf nur in durch Pausen 
getrennten Sendersuchlaufzeiten durchfOhrt, 
dadurch gekennzeichnet, daB in der Mobil- 
station (MS 1 ) eine Detektor- und Steuervorrich- 
tung (DS) vorgesehen ist, die die Pausendauer 
(T P ) in Abbangigkeit von dem jeweiligen Lade- 
zustand des Akkumulators (AK) derart verSn- 
dert, daB die Pausendauer (T P ) mit abnehmen- 
der Ladung gr5Ber und mit zunehmender La- 
dung kleiner wird. 

3. Schnurloses Telefon nach Anspruch 2, da- 
durch gekennzeichnet, daB zur Ermittiung des 
Ladezustandes des Akkumulators (AK) der Mo- 
bilstation (MS') ein zu der Detektor- und Steu- 
ervorrichtung (DS) gehbrender Spannungsde- 
tektor (SPD) zum Messen der Akkumulator- 
spannung (U) vorgesehen ist. 

4. Schnurloses Telefon nach Anspruch 2, da- 
durch gekennzeichnet, daB zur Ermittiung des 
Ladezustandes des Akkumulators (AK) ein zu 
der Detektor- und Steuervorrichtung (DS) ge- 
hSrender Stromdetektor (STD) zum Messen 
des Ladestroms (V) bzw. Erhaltungsstroms fOr 
den Akkumulator (AK) vorgesehen ist. 

5. Schnurloses Telefon nach Anspruch 1, da- 
durch gekennzeichnet, dafl die Pausendauer 
(T P ) in Stufen verSnderbar ist. 

6. Schnurloses Telefon nach Anspruch 1 oder 4, 
dadurch gekennzeichnet, daB zum WShlen der 
Pausendauer (T P ) die Tastatur (TA) der Mobil- 
station (MS) verwendet wird. 

7. Schnurloses Teuton nach Anspruch 6, da- 
durch gekennzeichnet, daB Mittel vorgesehen 
sind, die das WShlen der Pausendauer (T P ) 
erst nach dem Eingeben des PIN-Kodes in die 
Tastatur (TA) zulassen. 

& Schnurloses Telefon nach einem der AnsprU- 
che 1 bis 4, dadurch gekennzeichnet, daB die 
Pausendauer (T P ) kontlnuierlich veranderbar 
ist. 

9. Schnurloses Telefon nach Anspruch 2 oder 4, 
dadurch gekennzeichnet, daB der Ladestrom 
(J v ) fOr den Akkumulator (AK) mindestens der 
Summe von normalem Ladestrom fOr den Ak- 
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kumulator und dem mittleren Betriebsstrom fUr 
die Mobilstation (MS') entspricht. 

10. Schnurloses Teiefon nach Anspruch 2 Oder 4, 
dadurch gekennzeichnet, da6 der Emaltungs- 5 
strom fur den Akkumulator <AK) mindestens 
der Sum me von normalem Erhaltungsstrom 
und dem Versorgungsstrom fUr die Sender- 
suchlauWorrichtung (SU) der Mobilstation (MS 1 ) 
entspricht. '0 
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© 2.1 Bei schnuriosen Telefonen 1st es Oblich, die 
In der Mobilstation enthaltene Sendersuchlaufvorrich- 
tung zwecks Stromerspamis nur wahrend bestimm- 
ter, durch feste Pausen unterbrochener Sendersuch- 
(aufzeiten durchzufQhren. 

2.2 Um den 'damit verbundenen Nachteil der 
starren Reaktionszeit auf einen in der Feststation 
ankommenden Ruf zu vermeiden. wird bei einer 
ersten AusfUhrung der erfindungsgemaBen Mobilsta- 
tion (MS) eine Einstelivorrichtung (EV) zum manuel- 
len Einstellen der Pausendauer (T p ) vorgesehen. Bei 
einer zweiten AusfUhrung einer Mobilstation (MS') 
wird die Pausendauer (T p ) in der Mobilstation (MS) 
in AbhMngigkeit von dem Ladezustand des in der 
Mobilstation enthaltenen Akkumulators (AK) veran- 
dert, und zwar in der Weise, daB die Pausendauer 
(T p ) mit abnehmendem Ladung des Akkumulators 
groBer und mit zunehmender Ladung kleiner wird. 
Zur Ermittlung des jeweiligen Ladezustands dient 
eine Detektor- und Steuervorrichtung (DS), die ent- 
weder einen Spannungsdetektor (SPD) Oder einen 
Stromdetektor (STD) aufweist. 

3. Die Zeichnung zeigt ein vereinfachtes Block- 
schaltbild einer Mobilstation. 




LU 



Rank Xerox (UK) Business Services 

13. tO/3.6/3.3.11 



BNSDOCID: <EP 055377 1A3_1._> 



turopaiscl 
j£ff§ Pateittarat 



turopaisches EURO PAISCHER RECHERCHENBERICHT 



EP 93 10 1146 



EINSCHLACIGE DOKUMENTE 



KategoHc 



Ecmuddmans des Doktneots mt An£*e, s»»cfc crfor****, 



dg raaBgcWicfacn TcBc 



OT-A-9 010 987 (MOTOROLA INC.) 

* Seite 1, Zeile 1 - Zelle 34 * 

* Seite 3, Zeile 8 - Zeile 22; Anspriiche 
1,10; Abbildung 2 * 

EP-A-0 171 071 (NEC CORPORATION) 

* Seite 1, Zeile 10 - Seite 2, Zeile 1; 
Anspruch 1; Abbildung 1 * 

* Seite 3, Zeile 12 - Zeile 21 * 

* Seite 7, Zeile 1 - Seite 8, Zeile 12 * 

* Seite 12, Zeile 8 - Zeile 19 * 

EP-A-0 426 452 (NEC CORPORATION) 

* Spalte 1, Zeile 1 - Spalte 2, Zeile 16; 
Anspriiche 1,2,8; Abbildung 3 * 

US-A-4 908 523 (SNQWDEN ET AL.) 

* Spalte 1, Zeile 44 - Spalte 3, Zeile 14; 
Anspriiche 1-4,1.5; Abbildungen 1,2 * 

US-A-4 755 816 (DELUCA) 

* Spalte 1, Zeile 55 - Spalte 2* Zeile 38; 
Anspriiche 1,3,5 * 



1,2 



1,2 



1.2 



Der vortiegeode Re cto cfc cahc rk tit wJt fur aUe Patertaosprtfc** wsttflt 



KLASSUWATION DCS 
anmeidlm; (tmu CLS ) 



H04K1/72 



SACHCSWTC Q*L CLS ) 



H04H 
H04B 
H04Q 



DEN HAAG 



13 0ULI 1993 



Prater 

DE HAAN A.J. 



KA1EGOWF. DKR GET^ANNTEN DOCUMENT?. 

X : vocj fccsottiercr BcAeatims tetncbm 
Y : von booofertr ftefcuftm* In Vertindtms nit ducr 
aMcren VcrtfffentlictHinit tfendfac* Kzicgori* 

P: 



T : »cr Eibtac LiqpM* Ttoritt oi~ C 



! 




8NSDCCID: <EP 0653771 A3_l_> 



cited in the European Search 
Report of ZPOH OA 0* 53 J 
Your R£v.: ''fto^o S'De 



28.2 

Battery-Aware Static Scheduling for Distributed Real-Time 

Embedded Systems 
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Abstract 

This paper addresses bahery-eware static scheduling in battery- 
powered distributed real-time embedded systems. As suggested by 
previous work, reducing the discharge current level and shaping 
its distribution are essential for extending the battery lifespan. We 
propose two battery-aware static scheduling schemes. The first 
one optimizes the discharge power profile in order to maxrmize 
the utilization of the battery capacity. The second one targets 
distributed systems composed of voltage-scalable processing 
elements (PEs). It performs variable-voltage scheduling via 
efficient slack time re-allocation, which helps reduce the average 
discharge power consumption as well as flatten the discharge 
power profile. Both schemes guarantee the hard real-time 
constraints and precedence relationships in the real-time 
distributed embedded system sperificauon. Based on previous 
work, we develop a battery lifespan evaluation metric which is 
aware of the shape of the discharge power profile. Our 
experimental results show thai the battery lifespan can be 
increased by up to 29% by optimizing the discharge power file 
alone. Our variable-voltage scheme increases the battery lifespan 
by up to 76% over the ncn-voUage-Bcalablc scheme and by up to 
56% over the variable-voltage scheme without slack-time re- 
allocation. 

1. Introduction 

Battery-powered portable systems have been widely used in 
many applications, such as mobile computing, wireless 
conrmunications, information appliances, wearable computing as 
well as various industrial and military applications. As systems 
become more complex and incorporate more functionality, they 
become more power-hungry. Thus, reducing energy consumption 
and extending battery lifespan have become a critical aspect of 
designing battery-powered systems. 

High-performance battery-powered distributed embedded 
systems are generally composed of a network of heterogeneous 
processing elements (PEs). The PEs can be general-purpose 
processors, application -specific integrated circuits, 6eld 
programmable gate arrays or analog circuits. The input 
specifications of such systems are typically in the form of task 
graphs. A task graph is a directed acyclic graph in which each 
node is associated with a task and each edge is associated with the 
amount of data that must be transferred between the two 
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connected tasks. The period associated with a task graph indicates 
the time interval after which it executes again. A hard deadline, 
the time by which the task associated with the node must complete 
its execution, exists for every sink node and some intermediate 
nodes. All the hard deadlines must be met The embedded system 
can be a multi-rate system, i.e., it may contain multiple tasks 
graphs with different periods. The goal of real-time scheduling 
algorithms is to guarantee the deadlines of periodic task graphs 
while honoring the precedence relationship among tasks. Due to 
the miportance of energy in battery-powered systems, the 
scheduling scheme sboukfbe energy-aware and battery-efficient 
as well. 

Many system-level power optimization techniques have been 
presented in the literature. The representative work includes 
voltage scaling [9,10,11], which refers to varying the speed of a 
processor by changing the clock frequency along with the supply 
voltage, and power management, which refers to the use of power- 
down modes when a processor or device is idle in order to reduce 
power consumption [7,8]. Instead of focusing on reducing power 
consumption alone, researchers have begun to study the battery 
behavior and the effect of the battery discharge pattern on the 
bartery capacity as well (1 ,2,5,6]. 

This paper addresses the issue of battery-aware variable-voltage 
scheduling for multi-rate real-time distributed embedded systems. 
The goal of our scheduling algorithm is to extend the battery 
lifespan while meeting the hard real-time constraints and 
r/recedence relationships among tasks. The scheduling algorithm 
is able to vary the voltage of PEs that are voltage scalable in order 
to reduce the power consumption, and manage the power profile 
of the whole system in order to achieve improved battery 
efficiency. Our work is motivated by the ideas presented in [2,5], 
which suggest that reducing the discharge current level and 
shaping its distribution are essential for reducing the battery 
capacity loss. The reduction of the average discharge current level 
is achieved through voltage scaling and PE shutoff. The 
optimization of the discharge current profile is achieved through a 
series of schedule transformations starting from an initially valid 
schedule. The schedule transformations aim to shape the discharge 
current profile to improve the utilization of the ideal battery 
capacity, while maintaining the validity of the original schedule. 
Our work has several contributions; (1) We simultaneously 
address the issues of optimizing the overall power consumption 
profile of the distributed embedded system to improve the battery 
efficiency, and guaranteeing the hard real-time constraints and 
precedence relationships which are traditional tasks in real-time 
distributed scheduling. This has not been done in any previous 
work (2) For distributed embedded systems consisting of vohage- 
scalable PEs, we perform variable-voltage scheduling via efficient 
slack time allocation, which helps reduce the average discharge 
power consumption as well as flatten the discharge power profile, 
while still guaranteeing the hard real-time constraints and 
precedence relationships. Therefore, the scheme is very powerful 
in rnaximizing the battery lifespan. 

2. Battery Behavior Models 

The capacity of a battery cell can be defined in terms of ampere- 
hours or watt-hours [4). Many factors influence the performance 
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characteristics and the actual capacity that can be drawn from the 
battery. Normally, the battery capacity decreases as the discharge 
current increases. Fig. I shows the curve of battery capacity versus 
the discharge current, i.e., the discharge Tate. The load current is 
represented as the value normalized to the battery's rated capacity. 

The work in [5] explores the fact that battery efficiency is 
influenced by the average discharge current as well as the average 
discharge current profile. They define the actual power drawn out 
of the battery as 

p-" = [(K»7/c(/))*W; (i) 
where / is the average discharge current for some period of time, 

f%f) is the probability density function of /. V is the discharge 
voltage and is assumed to be fixed. c(Tj is the utilization fcctor, 
which is the ratio of the battery capacity (in terms of watt-hours) at 
discharge current / to the ideal battery capacity' c/M<, . Hence, it can 
represent the battery efficiency compared to the ideal condition. 
The duration of battery service life should equal CPAa divided 

by p** . This work shows that even under the constraint that the 
average power consumption is the same, Le., 
p w or*i a¥t = JI / »/ # ?(/)<ff is constant, different discharge 
current distributions still lead to different p*" . The maximum 
battery life is achieved when the variance of the discharge current 
distribution is minimized. Their results are supported by 
experimental study based on PSPICB simulations. 
Rated capacity, % 




connected by a bus. Figs. 3 and 4 give two tezsrbte schedules for 
one period. The worst-case execution rime of:/. i3, t4, t5. 16. 1? 
and t8 on their allocated PE arc aii 4 seconds, while ^c wxrr^i-case 
executioo time of t2 on its allocated PE is 2 seconds. The sxecnoon 
time of fflter-PE conmiumcatioc edge el on foe bus is also 2 
seconds. The average power consuztptioo cumber for each 
scheduled event is shown in brackets in the schedul e, c-g~ for ;1 it 
is 5 units. Based oo the traditional assnmpnoc in distributed 
computing, we assume intra-PE corrnrmnicsrioci. a?.e5^g and e5 t 
all take zero time. We assume both PE1 and PE are buffered. 




e5 

tS^ 
Deadline: 16 
Tig. 2 Task graphs for Example 1 

2.0 



Discharge rate (C rate) 

0.1 1 io 

Fig. 1 Performance of ClLiS T i0 2 Uthmm-Ioa AA-stee 
cell at various temperatures and discharge rates 

The work in [2] studies the effect of mtertnittent discharges on 
the capacity of Lithium rechargeable batteries and demonstrates 
thai peak power predicts battery capacity better than average 
power. The work in {6] employs a cycle-accurate battery model 
and evaluates the instantaneous battery capacity on a cycle-by- 
cycle basis. The battery recovery effect in communication devices 
is studied in [1). 

3. Motivational Examples 

This section presents two examples that motivate our work in 
this paper. We use Equation (1) to evaluate the actual power p Kt 
drawn from the battery. If ihe battery cell voltage is assumed to be 
nearly constant, the relationship between the battery capacity and 
the discharge current would hold for discharge power as well. In 
this section, we use Peukert's formula [4], an empirical equation 
to evaluate the relationship between the battery capacity and the 
discharge current 

c<7)-*//* (2) 
where k and a are constants. We assume a - 0.5 
Example 1: Fig. 2 gives an embedded system specification 
consisting of three task graphs. Assume for simplicity that all these 
have a period of 16.0 seconds. The embedded distributed system 
implementing the task graphs consists of two PEs, PE1 and PE2, 




Fig. 4 New valid schedule for Exawpfc 1 



For simplicity, we assume that the power consun^moc in the 
shut-off state (shaded parts in the schedule » is zero and mar there 
is no overhead in entering and leaving this soar. Hoot, mat onr 
algorithm, which is presented later, does not need w make tbe 
above assumptions. The overall discharge power of the system is 
the summation of all the power consumptions in all me PEs and 
buses. For the schedule in Fig. 5, me discharge power distribution 

is approximately I\p - 10) = \ 2 and I\f~2)**\. 1 , while for the 
schedule in Fig. 4, the discharge power distrmuixm is 
P( p = 6) m I . Using Equations (1 1 and (2X the acxual power drawn 
from the battery in the schedule in Fic. 3 is I~23*c, whale the 
value for the schedule m Fig. 4 is 14.70**, where c is some 
constant. The latter schedule results rz a 15% rsduxkm in the 
actual power drawn our of the battery, sad correspondingly a 17% 
improvement in the battery lifespan. c 

Example 2 below is used to fflnstratt the effect of voltage 
scaling in real -time distributed embedded systems ccanposed of 
vohagc-scateble PEs. The relationships among clock period, 
supply voltage and power consumption, winch is used in this 
example to calculate power cciisumption. arc presented next. 

The processor clock period. J", can be expressed in terms of the 
supply voltage, v M . and threshold voltage, r. . es follows: 
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where k is a constant We assume V, «= 0.8V. The processor 
power, p, can be expressed in terms of the frequency, f, switched 
capacitance, N t and the supply voltage, , as: 



(4) 



Example 2: Consider the task graphs shown in Fig. 5. Fig. 6(a) 
gives an as-swn-as-possiWc feasible static schedule on a 
distributed system consisting of PEs, PE1 and PE2, connected by a 
bus. Assume a power supply voltage of 3.3V. The worst-case 
execution time of iA fi, t4 % t$ and t? on their allocated PE are all 
0.2 seconds. The worst-case execution time of t2 and t6 on their 
allocated PE are both 0.3 seconds. The execution time of tnter-PE 
communication edges c/ and e2 arc both 0.1 seconds. We assume 
the average power consumption for each task is 1 unit, while the 
average power consumption for each mter-PE communication 
edge is 0.2 unit Fig. 7(a) gives a new feasible schedule after 
schedule slots interchanging and shifting of the schedule in Fig. 
6(a). 




Fig. 5 Task graphs for Example 2 
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b. (^responding variable- voltage schedule 

Fig. 6~ Original tcftedate and the corresponding variable- 
voltage schedule for Example 2 
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a. Original feasible sche dule 




b. Corresponding variable-voltage schedule 

Fig. 7 New Schedule after schedule slot shifting and 
swapping and Che corresponding variable-voltage schedule 



We perform voltage scaling on these two schedules by 
extending the execution time of the tasks to their latest finish time. 
The new schedules are shown in Fig. 6(b) and Fig. 7(b), 
respectively. For example, in Fig. 6(a), t2 is scheduled at time 
instant 02. Since it can finish as late as time instant 0.6, the speed 
of PE1 can be scaled down by a ratio of (0.6 - 0.2) / 0.3 for r2. 
Correspondingly, the supply voltage can be scaled down from 
3.3V to 2.8V, extending the actual running length of t2 from 0.3 
to 0.4. In Fig. 6(b), the working voltages tor task r7, t2 % rS t r4 t (5 t 
t6 and /7 are 3.3, 2.8, 3,3, 3.3, 1.8, 2.8, and 2.7V, respectively. In 
Fig. 7(b). the working voltage for tasks //, t2 f t4 and t6 are all 3V, 
while for task ri, /5 and il are all 2.3V. The performance metrics 
for the different schedules, including the average power 
consumption and battery service life evaluated by Equation (2) 
using average power consumption, are shown in Table 1. In Table 
l t c' is some constant. 

Table 1 : Performance characteristics of different schedules 



Schedule 


Overall average 
power consumption 
of the system 


Service life evaluated 

based on average 
power consumption 


Fig. 6(a) 


1.37 


0.62 


Fig. 6(b) 


1.05 


0.93 


Fig. 7(b) 


0.96 


1.06 *c' 



Compared to the schedule io Fig. 6(a\ the schedule in Fig. 6(b) 
results in a 23% reduction in average system power consumption 
and a 50% improvement in bauery service life evaluated based on 
average power consumption. For the schedule in Fig. 7(b), there is 
a 30% reduction in the average system power consumption and a 
71% improvement in battery service Hfe evaluated based on 
average power consumption, compared to the schedule m Fig. 
6(a). This example shows, not supprisingly, that voltage scaling 
reduces system power consumption and increases the battery 
lifespan. Moreover, a more efficient voltage scaling scheme can 
lead to better results, as the difference between Fig. 6(b) and Fig. 
7(b) shows. o 

4. Static Resource Allocation, Assignment and 
Scheduling 

The static resource allocation, task/communication assignment 
and scheduling algorithms we use are from a system synthesis tool 
presented in [1 2]. It uses a slack-based list scheduling algorithm to 
generate static PE and communication link schedules for each task 
and communication event along the byperperiod, which is the least 
common multiple of all the task graph periods in a multi-rate 
system specification. It is well known that there exists a feasible 
schedule for the periodic task graphs if and only if there exists a 
feasible schedule for the hyperperiod [15]. A slack-based list 
scheduling scheme is used in the inner-loop of system synthesis in 
order to generate a cost-efficient distributed architecture and a 
feasible schedule. The scheduling scheme is not optimized for 
battery-aware power consumption. We modify the static schedule 
in a post-processing stage through a series of schedule 
transformations, which we discuss m Sections 5 and 6. 

5* Battery-aware Scheduling Scheme 

In mis section, we present a battery-efficient scheduling scheme 
which aims to optimize the system discharge power profile. 
Heuristics to optimize the battery efficiency, as suggested in 
Section 3, are based on minimization of the peak power 
consumption and reduction of the variance of the discharge current 
profile. The goal of our scheduling scheme is to reduce the overall 

average of the actual power drawn out of the battery, p°" , which 
is evaluated by 
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(5) 



hyperperiod * c p (r ) 

where is the power consumption at time f, and e/f) is the 
battery utilization factor evaluated at time t. Note mat Equation (5) 
is just a variation of Equation (I). p(t) is the snmmauon of all die 
power consumptions m all the PEs and buses, or any other system 
component which draws power from the battery. Thus, we assume 
p{t) = I MO • Other components of system power 

K{aff Pfisuafl busts) 

consumption can be easily incorporated as well, which normally 
can be represented as a fixed contribution. For each task, we 
assume we know its average power consumption and its worst-case 
execution time through simulation and analysis tools (16,17], The 
energy ctmsurnption of a PE in the idle period ip of a system 
entering sleep state i can be modeled as 
+"%*/»■> +Gp-«/-»'j>Vf 1*1 wheree,(*>,) is the 
delay overhead and p 0l ( p w ) is the power wmsuraption in entering 
(leaving) sleep state /, and Pi is the power consumption in this 
state. A P£ always assumes a sleep state that minimizes EC 

First, we define some variables and functions that are used later 
in presenting our heuristics. We define event Jist as a list of 
statically scheduled events in the order of their start times on each 
PE or bus for one hyperperiod. sched is an array olefentjist for 
all the PEs and buses. The scheduled event can be a periodic task 
or a communication event In the static schedule, every event is 
characterized by a start time, a finish time, and a duration, which 
is the worst-case execution time for that event For a scheduled 
event, next^event is the next scheduled event in the same 
event Jisi. For a task, In-edges {out-edges) refers to all the inter- 
PE communication edges entering (coming out of) the task, where 
inter-PE cornrnunication edges refer to those edges for which the 
parent task and child task are assigned to different PEs. A deadline 
may be associated with a task. For a task /, 
finish constraint (i) »■ 

mittCmm ^ owl ^ gril0 / -f start , i -» deadline^ -knex1_ evem) -> start) 

The battery-aware schedule optimization scheme is composed of 
two parts. The initial schedule is first optimized through global 
shifting with a goaf to reduce the peak power consumption and to 
increase the flexibility in the schedule. Then local schedule 
transformations axe employed to optimize the discharge power 
profile. The details of the scheduling scheme are presented in sub- 
sections 5.! and 5J2. 

5.1 Battery-aware local schedule transformations 

In the battery-aware local schedule transformation scheme, we 
first rank the time point along the hyperperiod in &e order of p(i). 
Then from the highest power consumption time point to the lowest 
point, we try to interchange adjacent events or shift forward or shift 
backward events around thai time point, with a goal to reduce cost 
function p 00 evaluated by Equation (5). Id order to guarantee the 
validity of the schedule in each transformation, if wterchanging two 
scheduled events / and /, or shifting forward a scheduled event /, or 
shining backward a scheduled evem j violates the precedence 
relationship, we evaluate the possibility of shifting forward the out* 
edges of i andVor shifting backward the in-edges of j for exactly the 
amount needed in case i and j are tasks, or shining forward the child 
task of / and/or shifting backward the parent task of; exactly for the 
amount needed in case / and j are communicauon events, and take 

into consideration these effects on p 0 * as well. No local schedule 
Iransforrnauon is performed if it violates the precedence relationship 
or hard riming constraints, or it does not reduce p* 1 . After each 
round of transformations, the power profile is re-ranked and the 
above process repeals until sched is no longer changed. The 
following example illustrates the scheme. 



Example 3: Consider the task graphs in Fig. 2 and the mjual 
schedule in Fig, 3 once again. Fig. 8 ilmstrates the seeps mvotved 
in applying the above-mentkned method to the schedule in Fig. 
3. The ranking of time periods in terms of power profile pftj 
mmaByis ((Q,A).a:U6>!4.&)4WDMrt 

involved. In the first step, ri and t3 are interchanged m reduce vie 
power cocsumptioa m time period (0,4). Similarly, in Ac second 
Step, t2 and t8 arc interchanged Then tS is shifted backward to 
deal with time period (10.12). The resulting schedule is shown in 
Fig> 8(b)- The ranking of rime periods in terms of pit) is then 
updated. In the second round ti is shifted forward to relax the 
current peak power consumption is time period (8, 10). The 

resulting schedule is shown in Fig. 4. Ai each son, p is 

a 

4.0 6.0 SjO 10.0 110 14.0 16.0 
_J I - i I t i I 



re du ce d. 

0.0 2.0 
I * 1 




b. New schedule after first three steps 
Fig. 8 The schedule trmstmatioa steps for the task graphs 
mFig.2 



and is 
be flfustrated 



5.2 Global shifting sebem* 

The above local transformation scheme is 
dependent npon a good inmaJ sohoon. This c 
through Example 4. 
Eianaple 4: Fig. 9 shows an embedded system specification 
consisting of three task graphs. Fig. 10(a) gives a feasible seme 
schedule on a disrributsd syseo con si s tin g of two PEs. PE1 and 
PE2, connected bv a bus. The worst-case execution time of //, ri. 
/J, t4, t5 and 16 on their aDocsted PE are all 2 seconds, while the 
worst-case execution tune of anc* tS on their allocated PE ere 
both 1 second The execution rime of inter-PE ca manfati on 
edge el on the bus is 1 second The power cuosumpojon number 
for each scheduled event is shown in brackets in the s c hednle 
There is no oprxirtunrty for local movements in order to reduce 
p 9 * in the schedule of Fig. 10(a). However, the seheanie is not 



optima] for battery efficiency. 




Periods 



Fig. 9 Task graphs for Exnpte 4 

In order to get a good ramal solution, we process the schedule 
through a battery-aware global shifting stage, which tries to shift 
the schedule slots in a global manner wrrb me goal of reducing the 
peak power consumption and increasing me fiexmifoy in me 
schedule. This process starts from an initial schedule where every 
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scheduled event is shifted backward to its as early as possible 
position. Then we create an event processing queue and initialize 
it by inserting the last event on every event Jist which does not 
have out-going communication edges. Then we try to shift the 
tasks and communication events in the processing queue as tote as 
possible, so long as in the new position where the tasks and 
communication events are shifted to, the overall average power 
consumption for that duration does not exceed some given 
threshold value {power jhreshokt), while the negative effect, if 
any, resulting from the changing of the grouping of idie periods, 
are less than some threshold value (side_effectjhreshold). If there 
is no such position, we shift forward the scheduled events to the 
best position in terms of the reduction in p m . A new task or 
communication event is added into the processing queue if its 
next_event and ail those events which have data dependency on it 
have finished shifting Shifting forward as late as possible helps 
increase the flexibility of the overall schedule so that more 
opportunities can . be opened up for further schedule 
transformation. 

The global shifting scheme is iuustrated through Example 4, In 
the initial schedule in Fig. 10(a), there are no valid local 

movements possible to reduce p 00 . We take the average power 
consumption (4,675) as the power threshold and assume the 
sidejeffeetjhreshold is zero. During global shifting, first, t8 is 
shifted to the as-late -as-possible slot. The average power 
consumption for the new time period (7, 8) of t8 is 4, hence, the 
power Jhresho/d is not exceeded. Similarly, t7 is shifted as late as 
possible to time period (6,7). Then eJ is shifted as late as possible 
to (5,6). After this global shifting procedure, the new schedule is 
shown in Fig. 10(b). Now t6 and t3 can be interchanged to reduce 

p**' , without violating the precedence relationships and hard 
real-time constraints. The final schedule is shown in Fig. 10(c). 
Compared to the schedule in Fig. 10(a), the variance of the 
discharge power profile is reduced in the schedule in Fig. 10(c). □ 



. 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 
L I I 1 til > 1 




Initial schedule 




b. New schedule after global shifting 




c. Final schedule after schedule interchanging 



Fig. 10 Battery-aware optimization for Example 4 

6. Variable-voltage Scheduling Scheme 

Some embedded systems may be composed of voltage- scalable 
PEs, for example, Crusoe processors [14]. Since voltage scaling 
has a high potential for reducing system energy consumption, our 
algorithm is tuned to facilitate the possibility of scaling down the 
voltage for each task whenever possible. 

We define slack time for each scheduled task as the difference 
between its finish ^constraint and its finish time. The slack rime in 
the distributed schedule makes it possible to scale down the 



voltage without sacrificing the real-time constraint. Our 
scheduling scheme tries to allocate the slack time in a close-to 
optimal way to improve the performance of the consequent 
voltage scaling. Assume for each task /, rf/ is its execution time 

plus its slack time, e t is its execution time, and p ( is its power 
consumption under maximum voltage . For a PE, total_slack 
is the summation of the sluck times of all the tasks on that PE in 
the initial schedule, and total ^duration is the summation of the 
execution times of all the tasks' on that PH. We use toial^slack to 
approximate the total available slack time for all the tasks. Using 
Equations (3) and (4) to evaluate the effects of voltage scaling, for 
a task /, me speed reduction ratio should be scale t = d k t e J , and the 
corresponding working voltage should be 

^»(^+-^)+J(-7~-r + ^) 1 ->r 3 . wnere 0«2» — _ . 

Our objective is to minimize the energy consumption of all the 
tasks after voltage scaling, which is 

energy* ^Pi*W^W?l^r-J^Pi*«*V*wL* (6) 

xdl aski 

under the constraint 

d{ » total ■ total _ duration + total _ slack 
e i 

If the threshold voltage V t is close to zero, the optimal solution 
can be approximated by d, = total* f/ ^L , so long as 
df-Zei Vi. 

The allocation of slack time is performed through global 
schedule shifting and schedule slots interchanging to match the 
optimal slack assignment, which is - <?, for task i. 

7. Experimental Results 

In this section, we present the experimental results. The task 
graphs in oar example are generated with the aid of a randomized 
task graph generator, TGFF [13]. 

In die first experiment, we evaluate the performance of our 
battery-aware scheduling scheme presented in Section 5. The 
actual power consumption drawn out of the battery is evaluated by 
Equation (5), where c p {t) is evaluated using the short-term 

average power cortstunptjon. The duration of the short-term 
average should match the order of the battery's time constant for 
response to the change of the discharge rate, which is assumed to 
be 1 second [2]. The evaluation of the banery efficiency is based 
on data extracted from the specifications for Lithium-Ion Polymer 
batteries in [3]. We evaluate two test sets, a and 6, based on the 
same four task graphs. For the purpose of evaluation, we set the 
rated battery capacity (in terms of W-hours) for test set a(b) to be 
2X(1.67X) of the average power consumption of the system'. The 
results for the original schedule ami the schedule optimized in 
terms of the discharge power profile are compared in Table 2. In 

Table 2, p"* is the average power consumption of the system. 
The optimized schedule results in an improvement of battery 
lifespan in the range of 8.5% to 16.6% and 12.6% to 28.8% for 
test sets a and b, respectively. This experiment shows that without 
sacrificing the performance constraints and introducing overheads 
into the system, the shaping of the discharge power profile alone 
can help boost the battery pcrformaDcc effectively. The 
optimization scheme would be more powerful under stringent 
discharge conditions, for example, at lower temperatures or 
limited battery capacity, where the baUery capacity loss is more 
pronounced when the discharge rate is high. As shown for test set 
b, as the rated battery capacity decreases compared to test set o, 
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the optinuzation of the battery discharge power profile is more 
effective in increasing battery performance. 

In the second experiment, we evaluate the performance of our 
variable-voltage scheduling scheme presented in Section 6. We 
compare three schemes: (1) non-variable-voltage scheme, (2) 
variable-voltage scheduling without slack trme re-ai location, and 
(3) variable-voltage scheduling with slack time re-allocation. We 
evaluate both the battery performance with and without 
considering the shape of the discharge power profile. The 
experimental results are shown in Table 3 for another set of task 
graphs. Scheme (3) achieves an average power reduction in the 
range of 17% to 38% and 14% to 31% compared to Scheme (1) 
and Scheme (2), respectively. !n terms of the battery lifespan 
evaluated using , Scheme (3) results in an improvement in the 
range of 26% to 76% and 2(1% to 56% over Scheme (1) and 
Scheme (2). respectively. In terms of the battery lifespan 
computed as the battery capacity (evaluated using average power 
consumption) divided by average power consumption, Scheme (3) 
resuHs in an irnprovetnent in the range of 23% to 68% and 17% to 
50% over Scheme (1) and Scheme (2), respectively, ft can be 
observed that the improvement is more pronounced when the 
shape of the discharge power profile is taken into corjsdxration, 
i.e., the evaluation is based on p m , which indicates our scheme is 
helpful in reducing both the average discharge power level and its 
variance. Thus, the scheme is very powerful in boosting the 
battery performance. 

Table 2: Comparison of different scheduling schemes for 
battery-aware power consumption 



Test 


(tasks 


buses 


(mW) 


p** (mW 
Hfarpen 


)/ Battery 
thotia) 


Battery 
lifespan 

TO 


Noo- 
optinuzed 




1(a) 


71 


v\ 


126 


164/1.53 


152/1.66 






114 


8/16 


361 , 


445/1.62 


409/1.77 


9-3% 




94 


mi 


359 


46yiJ5 


420/1.71 1 


10-3% _ 


4(a) 


146 


6/13 


537 


73R/L45 


636/1.69 


166% 


1(b) 


71 


2/1 


126 


185/1.14 


159/U2 


15.8% 


2(b) 


114 


8/16 


361 


476/J.27 ; 


420/1.43 


1216% 


3(b) 


94 


6/13 


359 


S08/I.18 


439/1 36 


15.3% 




146 


6/13 


537 


857/l.W 


669/1.34 


28.3% 



8. Conclusions 

In this paper, we presented two schemes to optimize the battery 
lifespan in battery-powered real-time embedded distributed 
systems by reducing the average discharge power profile and 
shaping its distribution. One scheme cpurmzes the discharge 
power profile. Another scheme performs variable-voltage 
scheduling via efficient slack-time re-allocation in the distributed 
system composed of vohage-scalaWe PEs. It helps reduce the 
average discharge power consumption as well as roimmizc the 
variance of the discharge power profile. Both schemes increase the 
battery lifespan while still guaranteeing the real-time constraints 
and precedence relationships in the distributed embedded system, 



based on an evaluation metric which is aware of me shape of the 
discharge power profile, m tutor* work, the evaluation rooric 
should incorporate the battery recovery efifeci as wdL 
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Table 3: Comparison of different voltage-scaling and »#n-votoge-s««fag sefcenjes 
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/»"* (mW) / Battery lifespan 
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anpnon (mW) ' Ba 
sn^ge power coram 
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111/1.94 
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25.9% 
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3692 04 


307Z49 


4 
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302/1.72 


274/1.89 


206/2.52 
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5 
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7/16 


490/1.70 


434/1.92 
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73.9% 
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